We report an approach to the control of the longitudinal mode structure in erbium-doped f iber lasers that uses saturable absorbers and the spatial hole-burning effect in the laser cavity. Two-and three-mode f iber lasers are successfully demonstrated, and the laser output properties are compared with theoretical calculations. © 1996 Optical Society of America Single-mode fiber lasers based on rare-earth-doped fiber amplifiers have been actively studied for their potential uses in optical systems that require narrow linewidths with wavelength tunability, high coherence, or both. Several ways of achieving single-mode operation by eliminating spatial hole burning in the gain medium and introducing narrow-linewidth filters have been reported. 1 -4 More recently, unpumped erbiumdoped fibers (EDF's) have been used as saturableabsorbing narrow-bandpass filters, leading to relatively stable single-mode operation with a long Fabry-Perot cavity 5 or with a loop cavity.
Single-mode fiber lasers based on rare-earth-doped fiber amplifiers have been actively studied for their potential uses in optical systems that require narrow linewidths with wavelength tunability, high coherence, or both. Several ways of achieving single-mode operation by eliminating spatial hole burning in the gain medium and introducing narrow-linewidth filters have been reported. 1 -4 More recently, unpumped erbiumdoped fibers (EDF's) have been used as saturableabsorbing narrow-bandpass filters, leading to relatively stable single-mode operation with a long Fabry-Perot cavity 5 or with a loop cavity. 6 Whereas most of the research has focused on achieving fiber lasers with single longitudinal modes, there may be many applications of fiber lasers that have a few modes if they are stable and controllable. A good example is the new class of polarimetric fiber laser sensor 7, 8 that was introduced recently and has advantages of frequency readout and simplicity. However, the output of these demonstrated fiber laser sensors was small and unstable because of the large number of oscillating longitudinal modes. The reduction of the number of lasing modes and the stabilization of the modes are the keys to highly sensitive fiber laser sensors.
If the length of the gain medium is much less than the cavity length, as in a dye laser, 9 spatial hole burning in the gain medium can be advantageously utilized for lasing mode selection. In the case of typical fiber lasers in which the gain medium occupies a signif icant fraction of the laser cavity, it is nontrivial to obtain successful mode control. In this Letter we describe an approach to a mode control in a long Fabry-Perot fiber laser based on the combination of a saturable absorber and position control of the gain medium in the cavity. The laser oscillates in a few stable longitudinal modes, with a much simpler laser cavity compared with those of the single-mode lasers, because it does not require additional components to eliminate the spatial hole burning. A theoretical model is described that provides a good explanation of the experimental results.
We can summarize a simplif ied physical description of the mode control mechanism that uses a Fabry-Perot-type laser cavity with a gain medium and a saturable absorber as follows: If the mirror transmittance and the loss in the cavity are much smaller than unity, the intensity distribution of the mth longitudinal mode can be approximated as
Here I m is the intensity of light traveling in one direction in the cavity, b m is the wave number of the mth mode, and z is the distance along the fiber from one of the mirrors. When only one mode is oscillating, a gain grating (i.e., a periodic variation of population inversion) is formed in the gain medium because of the gain saturation by the optical standing wave pattern of the mode. The well-known spatial hole-burning effect leaves unused gain that can support oscillation of other modes with different standing wave patterns. The modes that get the maximum gain will be the ones whose standing wave patterns have the minimum overlap with that of the first oscillating mode inside the gain medium.
In the saturable absorber an absorption grating, instead of the gain grating, is formed by the oscillating mode, and the minimum absorption occurs at the antinodes of the standing wave pattern. Therefore the modes whose standing wave patterns have the maximum overlap with that of the first oscillating mode will experience the minimum loss. If a saturable absorber is placed near one of the mirrors, the nearest neighbors of the oscillating mode experience the least absorption loss. In this case, the saturable absorber acts as a narrow-bandpass filter and has been successfully used to make single-mode lasers, provided that the gain grating was removed by some means. 5, 6 When both the gain grating and the absorption grating near one of the mirrors are present, we expect to get few-mode oscillation, for which the mode structure depends on the location of the gain fiber in the cavity. If the gain medium is at the center of the cavity, as shown in Setup A of Fig. 1(a) , and assuming that the mth mode is oscillating, the (m 1 1)st and (m 2 1)st modes can get the largest gain and the minimum loss and are likely to lase. If the gain medium is placed at L͞4 of the cavity length, as in Setup B in Fig. 1(a) , the (m 2 2)nd and (m 1 2)nd modes will be favored. It is expected that the lengths and the erbium concentration of the saturable absorber and the gain medium will play important roles in determining the lasing modes.
The experimental setup is shown in Fig. 1 for two different locations of the gain fiber. We used a 2-m-long EDF as the gain medium and a different piece of 2-m-long EDF as the saturable absorber. For the gain fiber, the core radius was 2.5 mm, the mode field radius at 1.53-mm wavelength was ϳ4 mm, and the absorption coeff icients at 514.5 nm and 1.53 mm were ϳ 1.9 and 4.9 dB͞m, respectively. The estimated erbium-ion concentration was 2.6 3 10 18 cm 23 . For the saturable absorber the erbium-ion concentration was estimated to be 9.4 3 10 17 cm 23 , the core radius was 1.8 mm, the mode field radius was ϳ5.5 mm, and the absorption coeff icient at 1.53 mm was 0.66 dB͞m. Conventional single-mode fiber was used for the rest of the cavity to form a 10-m-long cavity. The saturable absorber was positioned at one end of the cavity. The center of the gain medium was placed at the center of the cavity (Setup A) or at the L͞4 position of the cavity (Setup B). A dichroic mirror was attached to each end of the cavity, the ref lectivity of which was 90% at 1.55 mm and less than 40% at the pump wavelength of 514.5 nm. Pump light from an argon laser was launched through a wavelength-division multiplexed coupler. The laser cavity was placed inside a styrofoam box to isolate it from environmental perturbation. The longitudinal mode structure of laser output was monitored with a 2-m-long scanning fiber ring resonator, and the rf beat spectrum was also measured.
For Setup A the threshold launched pump power was 42 mW and the lasing wavelength was 1.530 mm. The difference between turn-on and turn-off pump power was ϳ0.5 mW, which is due to the bistability present in a laser with a saturable absorber. 10 Figure 2(a) illustrates the output from the scanning fiber ring resonator, showing that the two adjacent modes are lasing at a pump power of 45 mW. The output intensity in this case was 11 mW , and the linewidth of the longitudinal mode beat signal was less than 100 Hz. The frequency difference between the two modes was 10 MHz, corresponding to the free spectral range (FSR) of the laser cavity. Mode hopping to neighboring modes occurred every few minutes in most cases. The intensities of the two modes remained approximately the same. Two-mode operation was maintained up to the pump power level of 49 mW, and three-mode operation was observed beyond the pump power. Figure 2(b) shows the mode spectrum of the three-mode laser operation at the pump power of 58 mW. The total output power was 34 mW , and the intensity ratio of the modes was close to 1 : 2 : 1. Beyond the pump power of 60 mW another group of modes was observed at the wavelength of 1.531 mm, which is attributed to theétalon effect of the dichroic mirror substrates.
For Setup B the threshold pump power was 37 mW and the lasing wavelength was 1.530 mm. Between the pump power levels of 37 and 42 mW, two-mode operation was obtained, as shown in Fig. 3(a) . It is similar to the case of Setup A, except that the mode spacing was 20 MHz, twice the FSR of the laser cavity. This agrees with the qualitative discussion given above. Again, the intensities of the two modes were almost the same. Three-mode operation was observed at pump powers between 42 and 50 mW. Figure 3(b) shows the mode structure of the three-mode laser output, showing an intensity ratio of approximately 1:2:1. Theétalon effect that is due to the mirror substrates seen in Setup A was also observed when the pump power was increased beyond 50 mW.
To explain the experimental observations in more detail with respect to the lasing mode structure, we carried out the following analyses: We assumed a uniform erbium density distribution in the fiber core and uniform pump and signal intensity distributions in their respective effective transverse mode radii a p and a s .
11
The amplitudes E 6m of the mth longitudinal mode propagating in the 6z direction along the cavity 
where
2 ͒hn s ͑͞s e 1 s a ͒t, r͑z͒ is the erbium-ion concentration, h s e ͞s a , s e and s a are emission and absorption cross sections, respectively, at the signal wavelength, s p is absorption cross section at the pump wavelength, n s and n p are signal and pump frequencies, respectively, G s ͑a͞a s ͒ 2 is the overlap factor between the signal and the erbium-ion distribution, a is the core radius, and b m is the wave number of the mth longitudinal mode.
We carried out numerical calculations for the solutions of Eq. (1), using the experimental parameters in Setup A and the following parameters: s a 7.9 3 10 221 cm 2 and h 0.85.
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For the gain medium, a s 3.4 mm, P s sat 330 mW , a p 2.7 mm, and P p sat 4.6 mW . For the saturable absorber, a s 4.1 mm and P s sat 480 mW . The round-trip loss that was due to splicing loss and mirror transmission was taken as 8.3 dB. We have assumed that the pump's excitedstate absorption cross section is equal to the groundstate absorption cross section and that the pump's absorption coeff icient along the gain medium is constant. We considered five neighboring modes to retain generality of the analysis.
Stable solutions were obtained for two-mode operation below the pump power of 52 mW and for three-mode operation above the pump power of 56 mW. Both solutions were stable between 52 and 56 mW. The intensity ratios between modes for the two cases were 1 : 1 and close to 1 : 2 : 1, as observed in the experiment. Note that the intensity ratios 1:1 and 1:2:1 correspond to the mode structures that get the maximum gain for two-and three-mode operation, respectively. The experimental and the theoretical results of the laser output characteristics for Setup A are summarized in Fig. 4 , in which they show reasonably good agreement. The small discrepancies around the threshold pump power, and around the pump power where both solutions are stable in theoretical analyses, and the difference in the slope efficiency are not clearly understood.
From the theoretical and the experimental results, the two-and three-mode solutions can be understood as follows: The three-mode solution depletes the gain more efficiently in the gain medium, but the two-mode solution experiences less absorption in the saturable absorber. At low pump power level, the mode selection is dominated by the saturable absorber, resulting in the two-mode operation. At high pump power level, where the loss in the saturable absorber is no longer significant for the neighboring modes, threemode operation with better use of the gain is favored.
An interesting observation was made for the case of three-mode operation in that the frequency separations of adjacent modes were not even. Measured by a rf spectrum analyzer, they varied slowly up to 20 kHz. The origin of this phenomenon is believed to be coupling between the counterpropagating waves in the gain or absorption grating. 13 In summary, we have described a mode selection technique that uses a saturable-absorbing filter and a spatial hole-burning mechanism in an erbium-doped fiber laser. EDF lasers with two or three longitudinal modes were demonstrated by this method. The experimental results were explained by a simple theoretical analysis. We believe that this mode selection method can be used to generate other mode structures and to provide useful light sources for many optical systems.
